INTRODUCTION
============

The mineralocorticoid receptor (MR) is a ligand-bound transcription factor that shares its classical hormone-response-element, the glucocorticoid-response-element (GRE), with the glucocorticoid receptor (GR) but elicits different effects involved in stress and immune response and metabolism. The GR closely resembles the MR in structure but not in function, and the mechanisms for MR specificity over GR remain ambiguous. Of the MR-mediated actions, its pathophysiological effects on the cardiovascular system and the kidney are of special interest. In these tissues, inappropriate activation of the MR leads to inflammation, hypertrophy and tissue remodeling, and in several clinical trials, MR antagonists reduced mortality and morbidity of patients suffering for instance from congestive heart failure or myocardial infarction most likely due to a reduction in vascular remodeling ([@gkt581-B1],[@gkt581-B2]). Interestingly, some of the mechanistically unexplained pathological MR effects in the cardiovascular system and the kidney ([@gkt581-B2; @gkt581-B3; @gkt581-B4; @gkt581-B5; @gkt581-B6; @gkt581-B7; @gkt581-B8]) are mimicked by the epidermal growth factor receptor (EGFR), raising the possibility of them being mediated by the cross-talk between the two signaling pathways.

The EGFR (ERBB1) is the most prominent member of the membrane tyrosine kinase family including ERBB2, ERBB3 and ERBB4. Depending on the genetic background, EGFR knockout mice die at peri-implantation, midgestation or within the first 3 weeks, showing the importance of the EGFR for embryonic development and cell differentiation ([@gkt581-B9]). Furthermore, a crucial role in cell proliferation, migration and pathological tissue remodeling has been demonstrated ([@gkt581-B10]). For the vasculature, we could recently show its importance for physiological tone and vessel reactivity *in vivo* ([@gkt581-B11]). The underlying signaling network of the EGFR is intricate and includes ligand-dependent transmembrane signal transduction and transactivation of the EGFR through other signaling pathways ([@gkt581-B12]). For transmembrane signaling, the EGFR forms homo- or heterodimers with its family members on binding of one of its various ligands (e.g. EGF, heparin-binding EGF, tumour necrosis factor a, amphiregulin, betacellulin, epiregulin). This leads to activation of important cytosolic downstream targets such as mitogen-activated protein kinases, phospholipase Cδ, PI3 kinase or cSrc ([@gkt581-B13]). Alternatively, the EGFR can be transactivated by cross-talk with other signaling pathways, for example with G-protein-coupled receptors or with steroid receptors like the MR ([@gkt581-B14],[@gkt581-B15]). Overall, the EGFR functions as an important relay station for a wide variety of different signaling molecules, highlighting the potential impact of changes in its expression.

So far, both MR transactivation of the EGFR and also modulation of genomic MR activity by downstream kinases of the EGFR have been described ([@gkt581-B15; @gkt581-B16; @gkt581-B17]). As an additional mechanism, we recently reported an MR-dependent increase in EGFR expression that was mediated by binding of MR to the EGFR promoter. Reporter gene assays with deletion constructs of the EGFR promoter revealed an MR- but not GR-responsive element (= MRE1) stretching from −316 to 163 bp, thus being a putative MR-specific element. The region contained no typical GRE ([@gkt581-B18]). In the current article, we use the MR-MRE1 model to investigate the mechanisms underlying the MR--DNA interaction to characterize specificity-conferring molecular parameters in more detail. We determined the responsive DNA regions and identified specificity protein 1 (SP1) as the necessary cofactor for this MR--DNA interaction. Furthermore, a bioinformatical genome-wide screen for similar promoter elements revealed additional MR-target genes that were validated by quantitative PCR (qPCR), suggesting that the mechanism is a more general regulatory mechanism for conferring MR-specificity. The importance of the EGFR for other signaling pathways involving cell proliferation and tissue remodeling is highlighted.

MATERIALS AND METHODS
=====================

Cell culture
------------

Human embryonic kidney cells (HEK-293), Human kidney 2 cells (HK2) and A7r5 cells were acquired from American Type Culture Collection (Rockville, MD) and cultivated in Dulbecco's modified Eagle's medium/Ham's F-12 medium supplemented with 10% fetal calf serum (FCS) and Dulbecco's modified Eagle's medium supplemented with 1.5 g/l bicarbonate and 4.5 g/l glucose and 10% FCS, respectively. HEK cells do not possess detectable levels of endogenous MR but GR. OK cells, a proximal tubule cell line from opossum, obtained from Dr Biber, Dept of Physiology, University of Zurich were grown in MEM medium (pH 7.4), supplemented with Earl's salts, non-essential amino acids and 10% (v/v) FCS. Human aortic smooth muscle (HAoSMC) primary cells were purchased from Promocell, Heidelberg, Germany and were cultivated in Smooth Muscle Cell Growth Medium 2 (Promocell, Heidelberg, Germany) supplemented with 5% FCS. Cells were maintained at 37°C in a humidified 5% CO2 atmosphere. Transient transfections were performed with Polyfect Reagent (Qiagen, Hilden, Germany) for HEK and HK2 cells and Effectene (Qiagen, Hilden, Germany) for OK cells, according to the manufacturer's instructions in medium without supplements. Before experiments, cells were made quiescent by incubating them for at least 24 h in medium without serum and steroids. Primary culture of murine vascular smooth muscle cells (VSMC) were obtained from mice with SM22-dependent deletion of EGFR and wild-type littermates and cultured as described previously ([@gkt581-B11]).

Plasmids
--------

pEGFP-hMR is a kind gift of N. Farman (Paris). The truncated versions of pEGFP-hMR have been described previously ([@gkt581-B18]). To exclude that the EGFP-tag of the human mineralocorticoid receptor (hMR) changes the characteristics of the receptor, we compared its GRE activation and nuclear translocation properties with that of untagged hMR but could not find significant differences ([@gkt581-B15]).

For *in vitro* synthesis of hMR and Human glucocorticoid receptor (hGR), pcDNA3.1His (Invitrogen, Darmstadt, Germany) was used as backbone. Briefly, hMR from pEGFP-hMR was ligated into pcDNA3.1HisC after restriction with BamHI/BglII and ApaI. Human glucocorticoid receptor was excised from pcDNA1-hGR (gift from M. Govindan) with EcoRI and inserted into pcDNA3.1HisB. pcDNAHisLacz was purchased from Invitrogen.

As a reporter gene, we used secretory alkaline phosphatase (SEAP) encoded on a pSEAP-basic vector obtained from Clontech (Mountain View, CA). The fragments of the EGFR promoter tested in the reporter gene assay were cloned into this vector by PCR cloning with the help of a T4 DNA Ligase (Invitrogen, Karlsruhe, Germany). Promoter fragments with appropriate restriction sites were created according to their length either by PCR or oligonucleotide hybridization ([Supplement 1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt581/-/DC1)). All cloned promoter fragments were sequenced (Eurofins MWG Operon, Ebersberg, Germany) to confirm sequence identity.

Reporter gene assay
-------------------

Reporter gene assays with secretory alkaline phosphatase as reporter were performed as described previously ([@gkt581-B15]). SEAP activity was measured by fluorescence measurements with the AttoPhos System (Promega, Mannheim, Germany). Beta-galactosidase encoded by pcDNA3.1Hislacz (Invitrogen, Darmstadt, Germany) was cotransfected as an internal control. Beta-galactosidase activity was measured by a colorimetric assay with ortho-nitrophenyl-β-galactoside as substrate and photometric measurement at 405 nm. For the reporter gene assay with the classical GRE, we applied the pGRE-SEAP plasmid from Clontech consisting of three glucocorticoid response elements. Inhibition experiments with the SP1 inhibitor WP631 dimethanesulfonate (Santa Cruz Biotechnology, Heidelberg, Germany) and the aldosterone antagonist eplerenone were performed with 5 μM unless indicated otherwise.

siRNA experiments
-----------------

Highly specific SP1 and SP3 ON-TARGETplus SMARTpool siRNA and as negative control ON-TARGETplus Non-targeting Pool from Thermo Scientific Dharmacon (Epsom, UK) was used for knockdown of human SP1 and SP3. HEK cells were transiently transfected with DharmaFECT (Thermo Scientific Dharmacon, Epsom, UK) in six-well plates according to the manufacturer's instructions. Cells were collected after 48 h, 72 h and 96 h for total RNA isolation and real-time PCR analysis. Total proteins for western blot analysis were isolated after 72 h, 96 h and 120 h. HEK cells for SEAP assays were harvested in 24-well plates and incubated with siRNA for 96 h after transient transfection with DharmaFECT.

Western blot
------------

Cells were washed, harvested and lysed in Cell Signaling Technology (CST) buffer \[20 mM Tris--HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM Na3VO4\]. Subsequently, cell lysates were matched for protein content, separated by 10% SDS--PAGE and transferred to nitrocellulose membrane. Membranes were incubated with anti-SP1 (Abcam, Cambridge, UK), anti-SP3 (Millipore, USA), anti-EGFR, anti-pp42/44, β-Actin (both from Cell Signaling Technology, NEB Frankfurt, Germany) or HSP90α/β (Santa Cruz Biotechnology Inc., USA).

The bound primary antibody was visualized using horseradish peroxidase-conjugated secondary IgG and the Immun-Star WesternC Chemiluminescent Kit (Biorad, Munich, Germany). The signal was detected with the chemiluminescence detection system ChemiDoc XRS (Biorad, Munich, Germany) in the linear detection range. Densitometry analysis was performed with Quantity One (Biorad, Munich, Germany).

Enzyme-linked immunosorbent assay-based transcription factor DNA-binding assay
------------------------------------------------------------------------------

*In vitro* hMR, hGR and LacZ (negative control) were synthesized using the TNT® T7 Quick Coupled Transcription/Translation system from Promega (Mannheim, Germany) and using pcDNA3.1-HisC-hMR, pcDNA3.1-His-hGR or pcDNA3.1His-Lacz. Nuclear extracts were isolated from HEK cells with the Nuclear Extraction Kit (Active Motif, Rixensart, Belgium) and desalted using centrifugal filter units (Millipore, Billerica, USA). Biotinylated probes were constructed by hybridization or PCR with bio-dUTP (Roche, Mannheim, Germany) and MRE1-SEAP reporter plasmids as template (Primer see Supplement 1). These probes were immobilized in streptavidin-coated wells. Wells without probes were used as blanks. Either *in vitro* synthesized hMR, hGR with or without human recombinant SP1 (Promega, Mannheim, Germany) or nuclear extracts were added to the wells and incubated for 1 h at room temperature with an equal volume of blocking buffer \[5% bovine serum albumin (BSA) in PBS/Tween 0.05%\]. After three washes, the transcription factor bound to the biotinylated probe was incubated with anti-XPRESS antibody (1:2000, Invitrogen, Darmstadt, Germany), anti-GR (1:500 Active Motif, Rixenart, Belgium) or anti-rMR1-18 1D5 (1:200), a kind gift from C. Gomez-Sanchez ([@gkt581-B19]). After three further washes, a horseradish peroxidase-coupled secondary antibody was added and detected by colorimetric assay (0.5 mg/ml o-phenylenediamine, 11.8 mg/ml Na~2~HPO~4~ • 2H~2~O plus 7.3 mg/ml citric acid and 0.015% H~2~O~2~) at 490 nm in a multiwell reader.

Electromobility shift assay
---------------------------

Electromobility shift assays (EMSAs) were performed with biotinylated probes obtained by PCR with biotinylated dUTPs or oligo hybridization (primers see Supplement 1) and the LightShift Chemiluminescence EMSA Kit (Thermo Fisher Scientific, Bonn, Germany). Binding reactions were carried out for 30 min at room temperature in the presence of 10 mM Tris, 50 mM KCl, 5 mM MgC~l2~, 1 mM DTT, 5% glycerol and 1 μg/μl poly (dI-dC). Biotinylated probes were used in a concentration of 5 fmol per reaction and incubated with 300 ng of recombinant human SP1 (rhSP1) (Promega, Mannheim, Germany), 100 ng of rhSP3 (Abnova, Taiwan) or BSA as negative control. Nuclear extracts were isolated from HEK cells with the Nuclear Extraction Kit (Active Motif, Rixensart, Belgium) and desalted using centrifugal filter units (Millipore, Billerica, USA). Electrophoresis of the DNA--protein complexes was carried out with a 10% non-denaturing polyacrylamide gel at 140 V for 1:15 h. Afterwards, the samples were transferred to a nylon-membrane at 250 mA for 45 min and cross-linked on the membrane at 120 mJ/cm2 for 1 min. Detection was done with the Chemiluminescent Nucleic Acid Detection Module (Thermo Fisher Scientific, Bonn, Germany) according to the manufacturer's instructions with extended washing steps.

Computation of optimal semi-global alignments
---------------------------------------------

We computed optimal semi-global alignments of MRE1.3 or infixes thereof with promoter regions of the human genome by dynamic programming using a match score of −1, a mismatch score of +2 and an affine gap cost function with a gap opening cost of +2 and a gap elongation cost of +1 ([www.jstacs.de](www.jstacs.de)).

Quantification of mRNA by real-time RT-PCR
------------------------------------------

Total RNA from transiently transfected hMR-HK2 cells was isolated using InviTrap® Spin Tissue RNA Mini Kit (Invitek, Berlin, Germany) following the manufacturer's protocol. To quantify mRNA levels, 1 µg of RNA was converted to cDNA, and equal amounts of cDNA were applied to RT-PCR reaction. Used primers are listed in [Supplement 1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt581/-/DC1).

Statistics
----------

The data are presented as mean values ± SEM. Significance of difference was tested by Student's *t*-test with *P* \< 0.05 considered statistically significant. N represents the number of individual experiments and n the number of wells or culture dishes investigated per experiment.

RESULTS
=======

Importance of EGFR for additional signaling pathways
----------------------------------------------------

To emphasize the importance of EGFR for different signaling pathways, stimulation of extracellular signal-regulated kinase (ERK) phosphorylation via different pathways was compared in VSMC of EGFR-knockout mice or wild-type littermates. In VSMC of wild-type mice, ERK phosphorylation could be induced by the EGFR ligand EGF, by protein kinase C (PKC) activator phorbol-12-myristate-13-acetate or by the MR ligand aldosterone. In VSMC of EGFR-knockout mice, activation of ERK phosphorylation was impaired after stimulation of EGFR, PKC or MR signaling, confirming the widespread importance of EGFR expression for various signaling pathways ([Figure 1](#gkt581-F1){ref-type="fig"}). Figure 1.Importance of EGFR as a mediator for other signaling pathways. VSMC of EGFR knockout or wild-type mice were incubated for 5 min with the EGFR ligand EGF (10 µg/l), the PKC activator phorbol-12-myristate-13-acetate (1 µM) or the MR ligand aldosterone (10 nM aldosterone). ERK phosphorylation was assessed by western blot (*n* = 4--5, data represented as mean ± SEM).

MR interaction site on the EGFR promoter
----------------------------------------

To determine the binding region necessary for the interaction between EGFR promoter and activated MR, we cloned parts of the EGFR promoter fragment MRE1 ([Figure 2](#gkt581-F2){ref-type="fig"}A, top) into a reporter gene vector (empty vector = SEAPbasic) as indicated in [Figure 2](#gkt581-F2){ref-type="fig"}C. We then performed reporter gene assays in transiently hMR-transfected HEK cells that were incubated with vehicle or 10 nM aldosterone ([Figure 2](#gkt581-F2){ref-type="fig"}A). The fold induction achieved by aldosterone was largest for the fragments MRE1.2 and MRE1.3, suggesting that MRE1 contains an inhibitory element. As MRE1.2 comprises MRE1.3, the 65 bp long MRE1.3 fragment seems to be sufficient to confer MR-responsiveness to MRE1. Neither MRE1.3a nor MRE1.3b nor MRE1.3c showed aldosterone/MR-responsiveness comparable with that of the complete MRE1.3, suggesting that smaller fragments are not sufficient to mediate MR-induced EGFR expression. Key experiments were repeated in OK cells in which the stimulation of MRE1.3 compared with MRE1.3a, b and c or empty vector is more pronounced ([Figure 2](#gkt581-F2){ref-type="fig"}B). Figure 2.MR interaction site on EGFR promoter (**A**) HEK cells top: Scheme of the EGFR promoter showing localization of MRE1, bottom: HEK cells transiently transfected with MRE1 reporter plasmid and hMR were incubated with 10 nM aldosterone or vehicle for 48 h, and then reporter gene activities were measured and depicted as percentage of control (MRE1 with vehicle) (*N* = 3--18, *n* = 9--45, data represented as mean ± SEM), (**B**) OK cells transiently transfected with MRE1 reporter plasmid and hMR were incubated with 10 nM aldosterone or vehicle for 48 h, and then reporter gene activities were measured and depicted as percentage of control (MRE1.3 with vehicle) (*N* = 4--16, *n* = 15--47, data represented as mean ± SEM), (**C**) Scheme of the different MRE1 promoter deletion constructs tested in the reporter gene assay.

MR specificity and dose dependency of MRE1.3
--------------------------------------------

To verify MR specificity, we tested MRE1 and MRE1.3 in a reporter gene assay in HEK cells transiently transfected with either hMR or hGR expression plasmid. In HEK cells overexpressing hGR and stimulated with 100 nM dexamethasone, no increase in reporter gene activity was detected compared with unstimulated cells. In contrast, HEK cells overexpressing hMR and stimulated with 10 nM aldosterone showed a dose-dependent increase in reporter activity as depicted in [Figure 3](#gkt581-F3){ref-type="fig"}A and B (EC~50~ = 6.5 nM). To rule out cell-specific effects, experiments were repeated in OK cells ([Figure 3](#gkt581-F3){ref-type="fig"}C and D), which rendered similar qualitative results and quantitatively an even greater stimulation of MRE1.3 by aldosterone/hMR. In OK cells transiently transfected with hGR, incubation with 100 nM dexamethasone did not increase reporter gene activity of MRE1 or MRE1.3, whereas OK cells transfected with hMR and stimulated with 10 nM aldosterone showed a dose-dependent induction of reporter gene activity (EC~50~ = 5 nM). Dose-response curves with classical GRE-SEAP reporter plasmid showed an over 10-fold lower EC~50~ in OK cells (EC~50~ = 0.1 nM) ([Figure 3](#gkt581-F3){ref-type="fig"}D) and also HEK cells as published previously ([@gkt581-B20]). For further evidence that the EGFR promoter is activated specifically by MR, the MR antagonist eplerenone (5 µM) was applied. In the presence of eplerenone, 10 nM aldosterone was no longer able to stimulate MRE1.3 ([Figure 3](#gkt581-F3){ref-type="fig"}E). Because the glucocorticoid cortisol can also function as an MR ligand and is able to induce transactivation of a classical GRE, the effect of cortisol on OK cells transfected with MR and the MRE1.3 reporter plasmid ([Figure 3](#gkt581-F3){ref-type="fig"}F) was also tested. Cortisol could stimulate MRE1.3 reporter gene activity to a similar extent as aldosterone. Figure 3.MR specificity and dose dependency of MRE1.3 in HEK and OK cells. (**A**) MR-specificity of MRE1.3 was tested in a reporter gene assay in HEK cells transfected either with MR or GR plus MRE1.3 reporter plasmid and then stimulated with 10 nM aldosterone or 100 nM dexamethasone accordingly (N = 6--8, n = 14--24, data represented as mean ± SEM, \**P* ≤ 0.05). (**B**) A dose-response-curve for rising aldosterone concentrations was constructed for MR transactivation activity at MRE1.3 in hMR-HEK cells and EC50 was calculated (N = 3--8, n = 9--27, data represented as mean ± SEM). (**C**) Experiment (A) was repeated with OK cells to exclude cell-specific effects (*N* = 4, *n* = 8--12, data represented as mean ± SEM, \**P* ≤ 0.05). (**D**) Experiment (B) was also repeated with OK cells transfected with MR and MRE1.3 or GRE reporter plasmid (*N* = 3--6, *n* = 9--18 data represented as mean ± SEM), (**E**) Influence of eplerenone (antagonist of aldosterone) on MR/aldosterone induced response of MRE1.3 was tested in a reporter gene assay in transiently transfected hMR OK cells after incubation with either vehicle or 10 nM aldosterone after 48 h and depicted as percentage of control (MRE1.3 with vehicle) (*N* = 3, *n* = 9, data represented as mean ± SEM), (**F**) Activation of MRE1.3 by cortisol and aldosterone was analyzed in a reporter gene assay in OK cells transiently transfected with hMR and MRE1.3 and incubation with vehicle, 10 nM aldosterone or 1 µM cortisol for 48 h (*N* = 3, *n* = 9, data represented as mean ± SEM).

MR binding to MRE1
------------------

Binding of hMR to MRE1 was tested in a transcription factor ELISA with biotinylated MRE1 probe. hMR binding to MRE1 was significantly increased when using nuclear extracts from hMR-overexpressing HEK cells incubated with 10 nM aldosterone ([Figure 4](#gkt581-F4){ref-type="fig"}A). No increase in binding of GR to MRE1 could be detected in nuclear extracts of GR-overexpressing HEK cells incubated with 1 µM hydrocortisone compared with unstimulated cells. However, binding of *in vitro* synthesized hMR to MRE1 did not exceed unspecific DNA binding ([Figure 4](#gkt581-F4){ref-type="fig"}B) as was tested with biotinylated eNOS exon DNA of approximately the same length as MRE. As positive control, a probe with three classical GREs was applied ([Figure 4](#gkt581-F4){ref-type="fig"}B). Figure 4.*In vitro* binding of MR to MRE1 (**A**) In a transcription factor-binding ELISA, nuclear extracts of hMR- and hGR-HEK cells that had been previously stimulated with vehicle, 10 nM aldosterone or 1 µM hydrocortisone, respectively, were tested for binding of hMR or hGR to biotinylated MRE1. (*N* = 1--3, *n* = 4--11, data represented as mean ± SEM, \**P* ≤ 0.05). (**B**) Binding of *in vitro* synthesized MR to MRE1 was tested and compared with unspecific binding of MR to DNA (unspecific = binding of MR to DNA probes of exon of eNOS) and binding of MR to a probe containing three classical GREs, which was used as positive control for this experiment (*N* = 2--3, *n* = 4--6, data represented as mean ± SEM, \**P* ≤ 0.05).

Binding of cofactor to MRE1.3
-----------------------------

Both the length of MRE1.3 as the smallest element with full MR-responsiveness and the discrepancy in the binding of *in vitro* hMR and hMR from nuclear extracts to MRE1 suggest the involvement of one or more cofactors in the binding of MR to MRE1.3. To identify such potential cofactors, we performed an *in silico* search for transcription factor-binding sites in the sequence of MRE1.3 (AliBaba 2.1, <http://www.gene-regulation.com/pub/programs.html>). This search identified three possible binding sites of SP1 in the MRE1.3 sequence indicated by underlining in [Figure 5](#gkt581-F5){ref-type="fig"}A. To validate these sites, we performed electromobility shift experiments with rhSP1 and biotinylated MRE1.3, MRE1.3a, MRE1.3c or CRE as a negative control. Incubation of MRE1.3 or MRE1.3a with rhSP1 resulted in a retention band not detectable when testing unspecific protein binding with BSA ([Figure 5](#gkt581-F5){ref-type="fig"}B). No binding of rhSP1 could be detected to MRE1.3c, indicating that SP1 only binds to the first of the three predicted SP1-binding sites ([Figure 5](#gkt581-F5){ref-type="fig"}C). To exclude unspecific binding of rhSP1 to DNA, we repeated the experiments with a biotinylated cAMP response element (CRE) probe of comparable length that did not yield a retention band ([Figure 5](#gkt581-F5){ref-type="fig"}D). To provide evidence for direct binding of SP1 to MRE1.3 in cells, EMSAs for MRE1.3 were repeated with nuclear extracts of transiently MR-transfected HEK cells. Sp1 consensus binding sequence was used as a positive control. Binding of biotinylated MRE1.3 probe was detected as a specific retention band comparable with our results using recombinant Sp1 and nuclear extracts with Sp1 consensus sequence. Experiments with nuclear extracts and MRE1.3 probe with mutated SP1-binding sites (see [Figure 5](#gkt581-F5){ref-type="fig"}A) did not result in a retention band, suggesting specific binding of SP1 to MRE1.3a ([Figure 5](#gkt581-F5){ref-type="fig"}E). Figure 5.Binding of SP1 to MRE1.3, MRE1.3a and MRE1.3c in EMSAs. (**A**) Sequences of MRE1.3 with *in silico* predicted SP1-binding sites, different MRE1.3 deletion constructs and constructs with mutated SP1-binding site are depicted. (**B**) EMSAs for detection of SP1 binding were performed with biotinylated MRE1.3 (lanes 1--3) or MRE1.3a (lanes 4--6) probe. Probes were either incubated with buffer (probe), 300 ng BSA as control for unspecific protein interactions (BSA) or with 300 ng of rhSP1. (**C**) To identify the relevant SP1-binding site for the interaction, we compared biotinylated MRE1.3c (lanes 1--3) with biotinylated MRE1.3 (lanes 4--6). Probes were either incubated with only buffer (probe), 300 ng of BSA as control for unspecific protein interactions (BSA) or with 300 ng of rhSP1. (**D**) To exclude unspecific SP1-DNA interactions, EMSAs with biotinylated MRE1.3 (lanes 1--3) were compared with EMSAs with biotinylated CRE (cAMP response element) (lanes 4--6) probe. Probes were either incubated with only buffer (probe), 300 ng of BSA as control for unspecific protein interactions (BSA) or with 300 ng of rhSP1 (*N* = 6). (**E**) To verify *in vivo* binding of SP1 to MRE1.3, we analyzed binding of protein from nuclear extracts to MRE1.3 and MRE1.3 with mutations in the SP1-binding sequence, MRE1.3mut1 and MRE1.3mut2. Biotinylated SP1 consensus sequence was used as a positive control. Probes were either incubated with only buffer (probe) or nuclear extracts (NE) (*N* = 4).

To confirm the importance of the SP1-binding site located in MRE1.3a for MR-induced EGFR promoter activation, reporter gene assays with the MRE1.3 point mutations depicted in [Figure 6](#gkt581-F6){ref-type="fig"}A were performed. The reporter gene activities after stimulation with activated MR were markedly reduced compared with the intact MRE1.3 sequence ([Figure 6](#gkt581-F6){ref-type="fig"}B). Despite the importance of the 5′-located SP1 site, it was not possible to delete parts of the 3′-end of MRE1.3 without losing MR responsiveness ([Figure 6](#gkt581-F6){ref-type="fig"}C). Furthermore, deleting the 30 base pairs located between the SP1-binding site and the 3′-end led to a decline in MR transactivation so that also the middle part seems to be of functional importance. Figure 6.Importance of full-length MRE1.3 and the SP1-binding site (**A**) Sequences of MRE1.3, different MRE1.3 deletion constructs and constructs with mutated SP1-binding site are depicted. (**B**) OK cells transiently transfected with hMR and reporter plasmids were incubated with 10 nM aldosterone or vehicle for 48 h and then reporter gene activities were measured and depicted as percentage of control (MRE1.3 with vehicle). MRE1.3mut1 and MRE1.3mut2, both mutated in the SP1-binding site, were compared with MRE1.3 (N = 3--6, n = 9--18, data represented as mean ± SEM). (**C**) Transiently hMR- and reporter plasmid transfected OK cells were incubated with 10 nM aldosterone or vehicle for 48 h. Reporter gene activities of four different deletion constructs (MRE1.3b, e and f and MRE1.3mut Δ) were measured and compared with full-length MRE1.3 transactivation (N = 3--6, n = 9--18, data represented as mean ± SEM).

SP1 as cofactor for aldosterone-induced MRE1.3 promoter activity
----------------------------------------------------------------

To investigate the role of SP1 for hMR responsiveness of MRE1.3 promoter activity further, we repeated the reporter gene assays in HEK cells with transiently transfected hMR, but this time added the SP1 inhibitor WP631 to the incubation solution. Compared with hMR-overexpressing cells incubated with aldosterone alone, cells incubated additionally with WP631 no longer showed a significant reporter gene induction ([Figure 7](#gkt581-F7){ref-type="fig"}A). No general inhibition of transcription caused by WP631 was detectable because aldosterone-induced GRE reporter gene activity was not affected by the presence of WP631 ([Figure 7](#gkt581-F7){ref-type="fig"}B). Again cell-type-specificity was ruled out by repeating the experiments in OK cells. OK cells showed a dose-dependent reduction in MRE1.3 promoter activity by rising concentrations of WP631 ([Figure 7](#gkt581-F7){ref-type="fig"}C). With 5 µM WP631, aldosterone-hMR-induced activation of the reporter gene activity could be inhibited ([Figure 7](#gkt581-F7){ref-type="fig"}D), whereas GRE reporter gene activiation by activated hMR was not affected ([Figure 7](#gkt581-F7){ref-type="fig"}E). Figure 7.Effect of SP1 inhibition by WP631 on MR-induced MRE1.3 reporter gene activity. (**A**) HEK cells transfected with hMR and MRE1.3 reporter plasmid were incubated for 48 h with vehicle or 10 nM aldosterone in the presence and absence of 5 µM WP631, a potent inhibitor of SP1-dependent transcription (*N* = 3, *n* = 6--9, data represented as mean ± SEM, \**P* ≤ 0.05). (**B**) To exclude unspecific effects on transcription, reporter gene activity was also measured in HEK cells transfected with hMR and classical GRE reporter plasmid after incubating the cells with vehicle or 10 nM aldosterone in the presence and absence of 5 µM WP631 (*N* = 3, *n* = 9, data represented as mean ± SEM, \**P* ≤ 0.05). (**C**) The effect of rising concentrations of WP631 on aldosterone-induced MRE1.3 promoter activity was tested in OK cells transfected with hMR (*N* = 1--11, *n* = 3--33, data represented as mean ± SEM, \**P* ≤ 0.05), (**D**) OK cells transfected with hMR and MRE1.3 reporter plasmid were incubated for 48 h with vehicle or 10 nM aldosterone in the presence and absence of 5 µM WP631 (*N* = 3--4, *n* = 9--12, data represented as mean ± SEM, \**P* ≤ 0.05), (**E**) To exclude unspecific effects on transcription, reporter gene activity was also measured in OK cells transfected with hMR and classical GRE reporter plasmid after incubating the cells with vehicle or 10 nM aldosterone in the presence and absence of 5 µM WP631 (*N* = 10, *n* = 30, data represented as mean ± SEM, \**P* ≤ 0.05).

Next, we repeated the MRE1.3 reporter gene assays in the presence of SP1-specific siRNA or scrambled siRNA. Scrambled siRNA did not lead to significant reduction in SP1 mRNA or protein expression within 96 h (mRNA) or 120 h (protein) after transfection ([Figure 8](#gkt581-F8){ref-type="fig"}A and B). SP1-specific siRNA, on the other hand, reduced SP1 levels increasingly with time with a maximal reduction of mRNA levels to 20.9 ± 4% 96 h after transfection and a decrease in SP1 protein levels to 34.5 ± 6% 120 h after transfection with siRNA. Consequently, we cotransfected our hMR-HEK cells with SP1-siRNA and then incubated the cells with siRNA or scrambled siRNA before the reporter gene assay. Aldosterone-mediated induction of MRE1.3 reporter gene activity was inhibited by SP1-specific siRNA but not by scrambled siRNA ([Figure 8](#gkt581-F8){ref-type="fig"}C). Of note, basal SEAP activity was not significantly reduced after either treatment with SP1 inhibitor or specific SP1-siRNA, suggesting that SP1 is not essential for basal promoter activity but for MR-induced gene regulation. Figure 8.Importance of SP1 for MR-induced MRE1.3 reporter activity and binding of MR to MRE1: (**A--C**) Effect of SP1 inhibition by SP1-siRNA on MR-induced MRE1.3 reporter gene activity (A) HEK cells were transiently transfected with hMR and with either scramble-siRNA or SP1-specific siRNA. SP1- mRNA levels were then quantified by qPCR 48, 72, and 96 h after transfection and compared to untransfected cells (*N* = 3, *n* = 6, data represented as mean ± SEM, \**P* ≤ 0.05), (B) A representative western blot of SP1 protein levels 96 and 120 h after transfection of HEK cells is shown (*N* = 3, *n* = 6). (C) HEK cells transfected with hMR and reporter plasmid were stimulated with vehicle or 10 nM aldosterone. Aldosterone-induced MRE1.3 reporter activity was additionally assessed in the presence of scramble-siRNA and specific SP1-siRNA (*N* = 3, *n* = 9, data represented as mean ± SEM, \**P* ≤ 0.05). (**D**) Importance of SP1 for MR binding to MRE1 (D) Binding of *in vitro* synthesized hMR to MRE1 was quantified in the presence and absence of 100 ng of rhSP1 in a transcription factor-binding assay. Binding of *in vitro* synthesized hGR to MRE1 was also detected in the presence and absence of rhSP1 (*N* = 2--5, *n* = 4--12, data represented as mean ± SEM, \**P* ≤ 0.05).

SP1 as cofactor for MR binding to MRE1
--------------------------------------

To test the effect of SP1 on MR binding to MRE1, we again used our transcription factor-binding ELISA with biotinylated MRE1 probe. When adding rhSP1, binding of *in vitro* hMR to MRE1 reached levels comparable with those obtained previously with nuclear extracts. Binding of *in vitro* GR to MRE1.3 was not affected by this maneuver ([Figure 8](#gkt581-F8){ref-type="fig"}D).

SP3 as cofactor for MR binding to MRE1
--------------------------------------

To analyze a potential involvement of SP3 to our proposed mechanism, we knocked down SP3 using SP3-specific siRNA and repeated MRE1.3 reporter gene assays ([Figure 9](#gkt581-F9){ref-type="fig"}A--C). Protein expression level of SP3 was reduced by SP3-specific siRNA to a level of 16.4 ± 5% 96 h after transfection. As a negative control, we used scrambled siRNA, which did not lead to a significant reduction in SP3 protein level after 96 h. Human recombinant SP3 showed weak binding to MRE1.3 in an EMSA, but aldosterone-mediated induction of MRE1.3 reporter gene activity was not inhibited by SP3-specific siRNA ([Figure 9](#gkt581-F9){ref-type="fig"}B and C). This suggests that SP3 is not involved in MR-induced EGFR promoter activation. Figure 9.Relevance of SP3 for MR-induced MRE1.3 reporter activity (**A**) top: Transiently transfected hMR-HEK cells were incubated with either SP3-specific siRNA or scrambled siRNA for 96 h. SP3 protein levels were quantified by western blot and compared with untransfected cells (*N* = 3, *n* = 6, data represented as mean ± SEM, \**P* ≤ 0.05), bottom: representative western blot. (**B**) HEK cells transfected with hMR and reporter plasmid were stimulated with vehicle or 10 nM aldosterone. Aldosterone-induced MRE1.3 reporter activity was additionally analyzed in the presence of scrambled-siRNA and specific SP3-siRNA (*N* = 3, *n* = 6--48), data represented as mean ± SEM, \**P* ≤ 0.05). (**C**) Binding of human recombinant SP3 to MRE1.3 and SP1 consensus sequence was analyzed. Probes were either incubated with only buffer (probe), 100 ng of BSA as control for unspecific protein interactions or 100 ng rhSP3 (*N* = 5).

MR domains involved in MRE binding
----------------------------------

To identify hMR domains participating in the interaction with MRE1.3, we tested deletion constructs of the hMR in our MRE1.3 reporter gene assay. Deletion constructs either possessed the domain A/B (=AB), which is a cofactor binding site or the domains C, D, E and F (=CDEF), which include the DNA binding, ligand binding and dimerization domain. None of the deletion constructs by themselves could MR-dependently activate MRE1.3 either in HEK cells ([Figure 10](#gkt581-F10){ref-type="fig"}A) or OK cells ([Figure 10](#gkt581-F10){ref-type="fig"}B). In previous investigations, we already characterized the expression level and function of the applied deletion constructs ([@gkt581-B20]). Interestingly, CDEF-MR lacking the AB domain is able to translocate into the nucleus and transactivate a classical GRE in a reporter gene assay while it is not able to activate MRE1.3. Thus, the DNA-binding domain and the N-terminal domain seem to be important for transactivating MRE1.3. Because the N-terminus is also the most variable amongst the steroid receptors, its requirement may be responsible for the MR specificity of the interaction between MR and EGFR promoter. This suggests that the activation function 1 (AF-1) located in the N-terminus of the MR and not the activation function 2 (AF-2) of the E/F domain may be responsible for MR transactivation at MRE1.3 elements. The AB domain by itself is not activated by aldosterone, is located ubiquitously and cannot bind to DNA. Figure 10.MR domains involved in the interaction with MRE1.3 (**A**) Deletion constructs of hMR consisting of the domains A and B (AB) or the domains C, D, E, F (CDEF) were tested for their ability to increase MRE1.3 promoter activity in HEK cells (*N* = 3, *n* = 9, data represented as mean ± SEM, \**P* ≤ 0.05). (**B**) The MRE1.3 promoter activity of the MR deletion constructs used in (A) was also tested in OK cells to exclude cell-specific effects (*N* = 4--8, *n* = 12--24, data represented as mean ± SEM, \**P* ≤ 0.05).

Inhibition of SP1 prevents aldosterone-induced upregulation of EGFR
-------------------------------------------------------------------

To explore the biological relevance of SP1 for MR-mediated genomic signaling, we chose two additional types of VSMCs and tested the effect of chemical SP1 inhibition on EGFR protein expression ([Figure 11](#gkt581-F11){ref-type="fig"}). We chose HAoSMC and A7r5 cells from rat aorta to support a more comprehensive nature of our findings. In HAoSMC, 10 nM aldosterone induced an upregulation of EGFR protein expression as detected by western blot. The SP1 inhibitor WP631 (1 µM) reduced basal EGFR protein expression per se but also inhibited aldosterone-induced EGFR expression ([Figure 11](#gkt581-F11){ref-type="fig"}A). In A7r5 cells, EGFR protein expression was also stimulated by 10 nM aldosterone ([Figure 11](#gkt581-F11){ref-type="fig"}B). WP631 (1 µM) had no effect on basal EGFR expression, and simultaneous incubation with 10 nM aldosterone and 1 µM WP631 inhibited the stimulatory effect of aldosterone on EGFR expression. Figure 11.Relevance of SP1 for aldosterone-induced EGFR expression in primary culture. (**A**) HAoSMC were incubated for 24 h with either vehicle, 10 nM aldosterone, 1 µM WP631 or 10 nM aldosterone and 1 µM WP631 and EGFR protein expression was quantified by western blot and densitometric analysis (*n* = 5, data represented as mean ± SEM, \**P* ≤ 0.05). (**B**) Primary rat aortic smooth muscle cells (A7r5) were incubated for 24 h with either vehicle, 10 nM aldosterone, 1 µM WP631 or 10 nM aldosterone and 1 µM WP631 and EGFR protein expression was quantified by western blot and densitometric analysis (*n* = 3, data represented as mean ± SEM, \**P* ≤ 0.05).

Genome-wide search for promoter regions similar to MRE1.3
---------------------------------------------------------

As mentioned previously, no classical GRE could be detected within the MR-specific MRE1.3, suggesting the presence of a binding site different from classical GRE. Therefore, we wanted to investigate whether our results are applicable in a broader context. With the goal of finding promoter regions in the human genome that are similar to MRE1.3 or infixes thereof, we computed optimal semi-global alignments between the three fragments MRE1.3 = GCAGCAGCCTCCTCCCCCCGCACGGTGTGAGCGCCCGACGCGGCCGAGGCGGCCGGAGTCCCGAGMRE1.3′ =   CCTCCTCCCCCCGCACGGTGTGAGCGCCCGMRE1.3′′ =   CCTCCTCCCCCCGCAC and all human promoters (see 'Materials and Methods' section). MRE1.3′′ was chosen because it comprises the EMSA-verified SP1-binding site that is important for the interaction with MR. Furthermore, the terminal 40 bp of MRE1.3 by themselves (=MRE1.3c) did not show any reporter gene activity, supporting that the initial 25 bp in the beginning are of importance. Because the initial 25 bp alone also did not possess any MR-mediated reporter gene activity, the slightly larger infix MRE1.3′ was additionally used for alignment analysis. As there is no unique definition and no precise annotation of human promoters, we operationally defined a promoter to be the sequence starting 250 bp upstream of the annotated transcription start site and ending at the 3′end of the 5′UTR, i.e. ending 1 bp upstream of the translation start site. For each optimal semi-global alignment, we computed the ratio of the alignment score and the alignment length, and we used that ratio as a measure of the degree of similarity. We found that the promoter sequence with the highest degree of similarity to MRE1.3, MRE1.3′ and MRE1.3′′ has a ratio of −0.15, −0.44 and −0.81, respectively, with the highest possible ratio being −1. Consequently, for all three sequences, no perfect match could be found, but several targets containing sequences similar to MRE1.3′′ in their promoter regions are listed in [Supplement 2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt581/-/DC1) (ratio 0.817). The MR dependency of gene expression was explored in HK2 cells by qPCR for five promoters with ratios of 0.81 ([Figure 12](#gkt581-F12){ref-type="fig"}). For three genes a significant regulation by active MR could be verified by qPCR, suggesting that the mechanism underlying binding of MR to the EGFR promoter uses a mechanism with a more general applicability. Figure 12.Influence of MR/aldosterone on regulation of promoter regions similar to MRE1.3. An immortalized proximal tubule epithelial cell line from normal adult human kidney (HK2) was transfected with hMR and incubated either with 10 nM aldosterone or vehicle for 24 h. mRNA expression levels of different genes containing promoter regions similar to MRE1.3 and judged to be of potential pathophysiological relevance by literature were detected and depicted as fold induction and ddcq. (*N* = 3--5, *n* = 3--15, data represented as mean ± SEM, \**P* ≤ 0.05).

DISCUSSION
==========

The EGFR is a receptor highly relevant for cell growth, proliferation, migration and vasoconstriction and has been associated with tumor progression and tissue remodeling processes. Activation of the EGFR can be achieved by extracellular ligands but also by interaction with other signaling pathways through transactivation. Transactivation resulting in tissue remodeling processes has been studied in detail for G-protein-coupled receptors like the angiotensin-II-type-1-receptor and the endothelin-1-receptor ([@gkt581-B21; @gkt581-B22; @gkt581-B23; @gkt581-B24]). Recently, transactivation of the EGFR has been also demonstrated for the MR and has been linked to vascular dysfunction ([@gkt581-B11],[@gkt581-B25],[@gkt581-B26]). As an additional mechanism of interaction, an increase in EGFR expression mediated specifically by activated MR and not by the closely related GR has been proposed.

Because MR and GR classically share a common hormone response element, regulation of EGFR by MR has to be mediated by an additional mechanism that may also help explain other MR-specific effects. In general, identifying pathophysiologically relevant target genes of the MR has proven difficult. Genes identified so far often play a role in sodium handling (like Na^+^-K^+^-ATPase alpha-1 subunit, channel inducing factor, epithelial sodium channel 1 alpha, serum glucocorticoid regulated kinase 1, glucocorticoid-induced leucine zipper, ubiquitin-specific protease 2-45, 14-3-3 protein isoform beta) but also include circadian clock protein period 1, endothelin-1, striatin, plasminogen activator inhibitor-1, n-myc downstream regulated gene 2, kras2, connector enhancer of kinase suppressor of RAS3 and the EGFR ([@gkt581-B18],[@gkt581-B27; @gkt581-B28; @gkt581-B29; @gkt581-B30; @gkt581-B31]). Nevertheless, these genes have not been verified to be strictly MR- and not GR-responsive except for the EGFR, and so far, no specifically MR-responsive element has been identified.

Indications that the EGFR might be a pathophysiological relevant MR-regulated gene come from reports showing that mineralocorticoids enhance the arterial contraction in response to EGF in rats and that *in vitro* incubation of aortas with 10 nM aldosterone increases EGFR mRNA by \>50% ([@gkt581-B32]). These observations were extended by Dorrance *et al.* ([@gkt581-B33]) who found that the infarct size after middle artery occlusion could be reduced in SHRSP (spontaneously hypertensive rats stroke prone) by pretreatment with the MR antagonist spironolactone supposedly owing to less vascular remodeling. Concomitantly, spironolactone reduced the EGFR-mRNA expression in the aorta. In Wistar rats, aldosterone led to cardiovascular remodeling and perivascular fibrosis of the coronary arteries while simultaneously increasing EGFR mRNA and protein expression in the left ventricle ([@gkt581-B34]). Both effects could be attenuated by spironolactone. Furthermore, aldosterone and ageing also increase EGFR protein expression in rat VSMC, inducing a proinflammatory phenotype ([@gkt581-B16]). Interestingly, only organs prone to pathophysiological aldosterone effects like heart, vasculature and kidney reacted to aldosterone with enhanced EGFR expression ([@gkt581-B18]).

In the present article, we investigated the mechanism of the interaction between activated MR and the EGFR promoter in more detail and explored the relevance of the identified DNA-binding site for additional genes. The importance of the EGFR for various signaling pathways in VSMC was demonstrated by comparing ERK phosphorylation in VSMC of EGFR-knockout mice to wild-type mice. Experiments were routinely performed in MR-transfected HEK cells, and results were confirmed in OK cells to exclude cell-specific effects. To ensure the relevance of our mechanistic findings for differentiated vascular cells, which mediate pathophysiological MR effects, the influence of aldosterone/MR and the importance of SP1 for this interaction were also tested in differentiated rat aortic smooth muscle cells (A7r5) and HAoSMC.

With reporter gene assays, we could identify a 65 bp hormone-responsive and MR-specific element on the EGFR promoter (=MRE1.3). MRE1.3 interacts dose dependently with aldosterone-activated MR with an EC50-value in the low nanomolar range. Normal aldosterone levels in human plasma vary from ∼0.1 to 1 nM, and intracellular values are not known; therefore, the concentrations necessary to activate the EGFR promoter seem to be in the upper range or slightly above normal aldosterone concentrations. This supports the hypothesis that aldosterone-induced EGFR expression mediates pathophysiological effects of the MR like organ dysfunction, remodeling or inflammation as has been suggested by investigations in animal models ([@gkt581-B25],[@gkt581-B32; @gkt581-B33; @gkt581-B34]). Furthermore, the EC~50~ of aldosterone at a classical GRE is ∼10-fold lower for both HEK and OK cells, suggesting that GRE activation might be already important under physiological conditions while MRE1.3 activation occurs in pathological situations. The glucocorticoid cortisol, known to activate classical GREs, was also able to enhance MRE1.3 promoter activity. Dexamethasone/GR had no effect on the MRE1.3 promoter activity, highlighting the MR specificity of MRE1.3. The dependence of MRE1.3 activation on MR is further shown by the inhibition achieved by the selective MR antagonist eplerenone.

The minimal DNA sequence necessary for the interaction of MR and EGFR promoter is much longer than a classical GRE, which consists of 15 bp arranged in two 6 bp long inverted repeats with three base pairs in between. This suggests that additional cofactors may be important for MR-induced EGFR promoter activation. Our transcription factor-binding assays support this hypothesis because *in vitro* MR does not bind specifically to MRE1 while MR from nuclear extracts of cells transfected with MR and stimulated with aldosterone specifically binds to MRE1. By bioinformatical analysis, SP1 was identified as a possible transcription factor binding to MRE1.3, and this hypothesis was validated by EMSA. SP1 is a ubiquitously expressed transcription factor in mammalian cells and is the original member of the SP1-like/KLF family of zinc-finger transcription factors. Overall, SP1 is involved in many different cellular processes, such as cell growth, apoptosis, differentiation and immune responses. By increasing the stringency of the search conditions and by reducing the length of the promoter fragment, the 5′-SP1 site was identified as relevant. Support for *in vivo* binding of SP1 to MRE1.3 is further provided by a technical note recently published by Schuch *et al.* ([@gkt581-B35]) in which binding of SP1 to an element on the EGFR promoter that corresponds to MRE1.3a is demonstrated by chromatin immunoprecipitation. Binding of MR to the EGFR promoter was previous shown by us by chromatin immunoprecipitation in HEK cells and could now be confirmed by transcription factor-binding ELISA with nuclear HEK cell extracts ([@gkt581-B18]). Interestingly, binding of *in vitro* synthesized MR to MRE1 was dependent on the presence of rhSP1, suggesting the formation of an SP1-MR-DNA-complex.

The importance of this SP1 site for MRE1.3 activation was further demonstrated by showing that respective mutations impair reporter gene activity. Using the chemical SP1 inhibitor WP631 and specific SP1-siRNA, the importance of SP1 for aldosterone-induced EGFR expression was shown in both HEK and OK cells. Because classical GRE transactivation activity was not affected by WP631 an unspecific effect of SP1 on transcription or translation in general is also not supported by our data. Additionally, the use of SP1-specific siRNA did not lead to a significant decrease in basal transcription activity, making it unlikely that SP1 is essential for basal promoter activity but rather implying that SP1 elicits an effect on MR action per se. An interaction between SP1 and other steroid receptors has been suggested for GR, progesterone receptor and androgen receptor ([@gkt581-B36; @gkt581-B37; @gkt581-B38]) but the exact nature of the interaction between these other steroid receptors and SP1 is not clear. Furthermore, the MR chaperone protein HSP90 is also important for stabilizing SP1 ([@gkt581-B39]). For the estrogen receptor, studies have identified both a mechanism in which estrogen receptor and SP1 both bind to DNA and a second mechanism in which SP1 alone binds to DNA and the estrogen receptor then interacts with SP1 ([@gkt581-B40; @gkt581-B41; @gkt581-B42]).

For MR and SP1, there are also several possibilities for the mechanism of interaction. MR may bind to the DNA adjacent to SP1 with or without additional interaction with SP1 ([Figure 13](#gkt581-F13){ref-type="fig"}A) or SP1 may modulate the 3D DNA structure to enable MR binding ([Figure 13](#gkt581-F13){ref-type="fig"}B). Alternatively, MR could bind to SP1 and thereby influence the transcription of genes ([Figure 13](#gkt581-F13){ref-type="fig"}C). It is unclear whether SP1 and MR act as monomers or multimers, and it is also not clear if additional coregulatory factors are involved. For example, even a competition of MR with an inhibitory factor is a possible explanation for a stimulatory effect of activated MR. Because the first 25 bp of MRE1.3 were sufficient for binding of SP1 to DNA but not sufficient for complete transactivation, simple binding of MR to SP1 in a piggyback fashion is unlikely. Instead the length of the DNA necessary for the full MR-SP1 interaction would suggest adjacent binding of SP1 and MR, possibly also involving additional cofactors. The closely related SP3 showed only weak binding of MRE1.3, and its knockdown did not influence EGFR promoter activation. Additional experiments will be necessary to elucidate the MR-SP1-MRE1.3 interaction further. Figure 13.Model of MR-SP1-MRE1.3 Interaction. (**A**) MR may bind to the DNA adjacent to SP1. (**B**) SP1 may modulate DNA structure to enable MR binding. (**C**) MR could bind to SP1.

Interestingly, the CDEF-MR mutant lacking the regulatory N-terminus and therefore the activator function 1 (AF-1) is not able to enhance MRE1.3 promoter activity. CDEF-MR has been extensively characterized previously ([@gkt581-B20]) and possesses many similarities to complete MR. Both are located in the cytosol in their unliganded state and on binding of ligand shuttle into the nucleus where they lead to transactivation of classical GREs with comparable aldosterone-response curves. Furthermore, both contain the AF-2 domain. However, CDEF-MR not only is able to activate GREs but can also transactivate the EGFR and induce ERK phosphorylation similar to complete MR. Therefore, the lack of stimulation of MRE1.3 by CDEF-MR highlights that the underlying mechanism is different to classical transactivation and non-genomic signaling and likely involves AF-1 of the MR N-terminus and not AF-2 of the C-terminal E/F domain, which fits well to our observation of MR over GR specificity. Structurally, MR and GR both possess a cofactor binding domain A/B, a DNA-binding domain C, a hinge region D and a ligand binding and dimerization domain E/F. Amino acid comparison between GR and MR shows a 94% identity between the DNA-binding domain and a 57% identity of the ligand-binding and dimerization domain. In contrast, the N-terminus has \<15% identity, which makes it an ideal candidate for mediating MR specific effects ([@gkt581-B43]). Because it is not involved in DNA binding, an interaction of the N-terminus of the MR with SP1 while both are bound to DNA with their zinc finger domains seems an attractive hypothesis but needs to be investigated further. Preliminary coimmunoprecipitation experiments suggest an interaction between MR and SP1. However, these experiments are complex to interpret because under unstimulated conditions, both transcription factors are clients of HSP90 and therefore part of a common multiprotein complex. After stimulation, MR and SP1 rapidly bind to DNA, and co-immunoprecipitation would then require cross-linking and shearing of DNA, which would facilitate false-positive results in an overexpression system like ours with transcription factors binding in close vicinity.

To explore whether the MR-SP1-MRE1.3 interaction could also be of relevance for other genes, we performed an alignment between all human promoters with MRE1.3 or infixes thereof. Several promoters with a score of −0.81 could be identified for the 16 bp long region containing the SP1-binding site (see [Supplement 2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt581/-/DC1)). Because this approach is not specific, we validated five of the predicted targets by qPCR and found the expression of three of them aldosterone/MR-dependently regulated, thus suggesting relevance of our screening approach. Candidate genes regulated by aldosterone include the hepatoma-derived growth factor (HDGF), protein phosphatase 1 regulatory subunit 7 (PPP1R7) and ran GTPase-activating protein 1 (RanGAP1). HDGF is the prototype of a family of proteins that are mitogenic for various cell lines including fibroblasts, smooth muscle cells and endothelial cells ([@gkt581-B44]). Additionally, HDGF has been shown to modulate the expression of matrix metalloproteases and to regulate cardiovascular growth and differentiation ([@gkt581-B45],[@gkt581-B46]). Protein Phosphatase 1 is known to participate in cell cycle regulation, and downregulation is associated with tumor progression ([@gkt581-B47],[@gkt581-B48]). Ran GTPase activating protein 1 influences nucleocytoplasmic transport and is associated with microtubuli formation during mitosis ([@gkt581-B49],[@gkt581-B50]). Furthermore, the expression of RanGAP1 has been shown to be enhanced in patients with cardiac ischemia and dilation ([@gkt581-B51]). Overall, involvement of these genes in pathophysiological MR effects in the cardiovascular system is an attractive hypothesis but of course needs further validation.

To summarize, we characterized the mechanism by which the expression of the EGFR, which mediates signaling of a variety of signaling pathways, can be regulated by activated MR. We could show that a 65 bp fragment (=MRE1.3) of the EGFR promoter is required for MR transactivation, and that SP1 is a compulsory cofactor for the interaction. To investigate whether this interaction between MR, SP1 and DNA also occurs in the promoters of other genes, alignments between MRE1.3 and its infixes and all human promoters were performed, and several candidates of interest were determined and validated by qPCR. Thus, we identified and characterized the molecular nature of a new mechanism of MR-mediated gene expression for a pathophysiological relevant gene, the EGFR, and we could also show that this interaction may also be of relevance for additional genes.
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